Abstract. It has been recently shown that mammalian spermatozoa were hyperactivated by steroids, amines and amino acids. In the present study, we investigated whether hyperactivation of hamster sperm is regulated by progesterone (P) and γ-aminobutyric acid (GABA). Although sperm hyperactivation was enhanced by P, GABA significantly suppressed P-enhanced hyperactivation in a dose-dependent manner. Suppression of P-enhanced hyperactivation by GABA was significantly inhibited by an antagonist of the GABA A receptor (bicuculline). Moreover, P bound to the sperm head, and this binding was decreased by GABA. Because the concentrations of GABA and P change in association with the estrous cycle, these results suggest that GABA and P competitively regulate the enhancement of hyperactivation through the GABA A receptor. Key words: γ-aminobutyric acid (GABA), Hyperactivation, Progesterone, Spermatozoa G ABA (γ-aminobutyric acid) is the major inhibitory neurotransmitter in the mammalian central nervous system, and is formed in the brain by α-decarboxylation of L-glutamate. It exerts its effects through three types of membrane receptor: GABA A , GABA B and GABA C . The GABA A and GABA C receptors are ligand-gated ion channels. The former is a multi-subunit receptor complex linked to the Cl -channel, while the latter has not been studied as extensively [1] . The GABA B receptor is a G-protein-coupled receptor linked to the K + and Ca 2+ channels [2] .
G
ABA (γ-aminobutyric acid) is the major inhibitory neurotransmitter in the mammalian central nervous system, and is formed in the brain by α-decarboxylation of L-glutamate. It exerts its effects through three types of membrane receptor: GABA A , GABA B and GABA C . The GABA A and GABA C receptors are ligand-gated ion channels. The former is a multi-subunit receptor complex linked to the Cl -channel, while the latter has not been studied as extensively [1] . The GABA B receptor is a G-protein-coupled receptor linked to the K + and Ca 2+ channels [2] .
Mammalian spermatozoa must undergo a period of physiological preparation in the female reproductive tract in order to acquire the ability to fertilize an egg [3, 4] . These changes are referred as "capacitation". During capacitation, spermatozoa show several modifications; for example, a change in the fluidity of the spermatic plasma membrane by the removal of cholesterol, tyrosine phosphorylation of spermatic proteins, hyperactivation of the flagellar movement, and the acrosome reaction (AR) in the head of the sperm [5, 6] . The removal of cholesterol is induced by albumin [7] , and the proteins are phosphorylated at a tyrosine residue in a time-dependent manner [6, [8] [9] [10] . Hyperactivation is the specialized movement of the sperm's flagellum that creates the propulsive force necessary for penetration of the zona pellucida (ZP). The flagella of hyperactivated spermatozoa exhibit an asymmetrical beating pattern with a large amplitude [5, 11, 12] . The AR is a modified exocytosis of the acrosome and is also required for penetration of the ZP of the egg and subsequent sperm-egg plasma membrane fusion [5] .
It was recently reported that hyperactivation is enhanced by several ligands [6] . In human spermatozoa, progesterone (P) and melatonin regulate and/or increase hyperactivation [13, 14] . In hamster spermatozoa, P enhances hyperactivation in a dose-dependent manner, as do serotonin and melatonin [15] [16] [17] . Moreover, P-enhanced hyperactivation is competitively suppressed by 17β-estradiol (E) [18] . In rat spermatozoa, P and GABA increase hyperactivation through the GABA A receptor/Cl -channel [19] .
In humans, rams and rats, GABA appears to increase sperm hyperactivation via the GABA A receptor/Cl -channel [19] [20] [21] [22] . Because the GABA A receptor is the Cl -channel, it is thought that hyperactivation is increased through activation of the Cl -channel and hyperpolarization by Cl -influx [19, 20] . Interestingly, it has been suggested that GABA has the same effect as P on hyperactivation in humans and rats [19, 20] . Moreover, the increased hyperactivation of rat sperm by P is inhibited by a GABA A receptor antagonist [19] . Although the GABA B receptor also exists in rat spermatozoa and is localized in the sperm head [23] [24] [25] , it is unclear whether the GABA B receptor is involved in regulation of hyperactivation.
In the present study, we examined whether GABA enhances and/or increases sperm hyperactivation in hamsters because hyperactivation is enhanced by P in this species [16, 18] .
Materials and Methods

Chemicals
Fluorescein isothiocyanate (FITC) and bovine serum albumin (BSA) conjugated progesterone (FITC/BSA-P), GABA, bicuculline, P and RU486 (11β-(4-dimethylamino)phenyl-17β-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one, mifepristone) were purchased from Sigma-Aldrich (St Louis, MO, USA), BSA fraction V was purchased from Merck KGaA (Darmstadt, Germany), and all other reagent-grade chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Preparation of hyperactivated spermatozoa
Spermatozoa were obtained from the caudal epididymis of sexually mature male golden hamsters (Mesocricetus auratus). The experimental protocols were approved by the Animal Care and Use Committee of the Dokkyo Medical University, and the experiment was carried out under the control of the Guidelines for Animal Experimentation in the Dokkyo Medical University.
Hyperactivated spermatozoa were prepared according to the method described previously [10] using a modified Tyrode's albumin lactate pyruvate (mTALP) medium containing 101.02 mM NaCl, 2.68 mM KCl, 2 mM CaCl 2 , 1.5 mM MgCl 2 -6H 2 O, 0.36 mM NaH 2 PO 4 -2H 2 O, 35.70 mM NaHCO 3 , 4.5 mM D-glucose, 0.09 mM sodium pyruvate, 9 mM sodium lactate, 0.5 mM hypotaurine, 0.05 mM (-)epinephrine, 0.2 mM sodium taurocholate, 5.26 μM sodium metabisulfite, 0.05% (w/v) streptomycin sulfate, 0.05% (w/v) potassium penicillin G and 15 mg/ml BSA (pH 7.4 at 37 C under 5% (v/v) CO 2 in air). An aliquot (~ 5 μl) of caudal epididymal spermatozoa was placed in a 35-mm dish (culture plate), and 3 ml of mTALP medium were carefully added before incubation for 5 min to allow the spermatozoa to swim up. The supernatant containing motile spermatozoa was collected, placed in a culture plate and incubated for 4 h at 37 C under 5% CO 2 in air to accomplish hyperactivation. P dissolved in ethanol, GABA or antagonists were added to the medium after placing motile spermatozoa on the culture plate. In all experiments, the maximal concentration of vehicle was 0.1% by volume.
Measurement of the motility and hyperactivation of spermatozoa
Motility and hyperactivation measurements were performed according to the method of Fujinoki et al. (2006) [10] with some modifications. Motile spermatozoa suspended in the mTALP medium were recorded on VHS via a CCD camera (Progressive 3CCD, Sony, Tokyo, Japan) attached to a microscope (IX70, Olympus, Tokyo, Japan) with phase-contrast illumination and a small CO 2 incubator (MI-IBC, Olympus). Each observation was performed at 37 C, recorded for 2 min, and analyzed by manually counting the numbers of total spermatozoa, motile spermatozoa and hyperactivated spermatozoa in 10 different fields. Motile spermatozoa that exhibited asymmetric and whiplash flagellar movements [11] and a circular and/ or octagonal swimming locus were defined as hyperactivated. Motile spermatozoa (%) and hyperactivated spermatozoa (%) were defined as the number of motile spermatozoa/number of total spermatozoa × 100 and as the number of hyperactivated spermatozoa/number of total spermatozoa × 100, respectively. Experiments were performed four times using four hamsters.
Statistical analysis was carried out using Tukey's post hoc analysis of variance test. P < 0.05 was considered significant.
Ligand assays of GABA and P
Ligand assays of GABA and P were performed according to the method described previously [16, 18] . An aliquot (~ 5 μl) of caudal epididymal spermatozoa was placed in the bottom of 35-mm dish (culture plate), and 3 ml of mTALP medium with 12.6 nM FITC/ BSA-P, which is converted into approximately 20 ng/ml P, were carefully added after spermatozoa were exposed to 0.1% ethanol (as vehicle) or other chemicals for 5 min. The supernatant containing motile spermatozoa was collected, placed on a culture dish and incubated for 5 min at 37 C under 5% (v/v) CO 2 in air. After incubation, several microliters of the supernatant were placed on a glass slide without fluorescence and observed using a CCD camera (Luca EM -R 604, Andor TM Technology, Belfast, UK) attached to a light microscope (IX70, Olympus) with phase-contrast illumination and a fluorescence unit.
Results
Effects of GABA and GABA A receptor on sperm hyperactivation
When hamster spermatozoa were exposed to 5 μM GABA, which increased rat sperm hyperactivation [19] , GABA did not affect the percentages of motile or hyperactivated spermatozoa (Fig. 1) . Moreover, 1 μM bicuculline, which is a GABA A receptor antagonist (IC50 value is 1.2 μM [26] ), also did not affect these percentages when hamster spermatozoa were exposed to bicuculline before exposure to 20 ng/ml P (Fig. 2) . Therefore, none of the effects reported in previous studies [19, 20] was observed for hamster spermatozoa. 
Effects of GABA on P-enhanced hyperactivation
Next, we examined whether GABA suppressed P-enhanced hyperactivation similarly to E [18] because GABA is generally an inhibitory neurotransmitter. As shown in Fig. 3 , 5 μM GABA significantly suppressed P-enhanced hyperactivation when hamster spermatozoa were exposed to 20 ng/ml P after exposure to GABA, although GABA did not affect the percentage of motile spermatozoa.
Because 5 μM GABA significantly suppressed P-enhanced hyperactivation (Fig. 3) , we examined the dose-dependent effects of GABA for P-enhanced hyperactivation (Figs. 4-6 ). When spermatozoa were exposed to 20 ng/ml P after exposure to GABA, as shown in Fig. 4 , P-enhanced hyperactivation was significantly suppressed by GABA in a dose-dependent manner. After incubation for 1 h, 5 nM to 50 μM GABA significantly suppressed P-enhanced hyperactivation, although the effect of 500 pM GABA was not significantly different from that of the vehicle or P (Fig. 4B ). After incubation for 1.5 h, 5 nM to 5 μM GABA significantly suppressed P-enhanced hyperactivation, although the effects of 500 pM or 50 μM GABA were not significantly different compared with the vehicle and P (Fig.  4C) . After incubation for 2 h, 5 nM to 50 μM GABA significantly suppressed P-enhanced hyperactivation (Fig. 4D) .
When spermatozoa were simultaneously exposed to 20 ng/ml P and GABA, P-enhanced hyperactivation was significantly suppressed by GABA in a dose-dependent manner (Fig. 5) . After incubation for 1 h, 500 pM to 50 μM GABA weakly suppressed P-enhanced hyperactivation, but the effects were not significantly different compared with the vehicle and P (Fig. 5B) . After incubation for 1.5 h, 5 μM and 50 μM GABA significantly suppressed P-enhanced hyperactivation, although the effects of 5 nM to 500 nM GABA were not significantly different compared with the vehicle and P (Fig.  5C ). After incubation for 2 h, GABA did not suppress P-enhanced hyperactivation (Fig. 5D) .
When spermatozoa were exposed to 20 ng/ml P for 5 min before exposure to GABA, GABA did not suppress P-enhanced hyperactivation at all (Fig. 6) . A receptor (GABA A receptor) on progesterone (P)-enhanced hyperactivation. The percentages of motile spermatozoa (A) and hyperactivated spermatozoa (B) are shown when spermatozoa were exposed to 20 ng/ml P after exposure to 1 μM bicuculline (an antagonist of the GABA A receptor) for 5 min. Data are expressed as means ± SD. Vehicle, mTALP + 0.1% (v/v) ethanol; P, Vehicle + 20 ng/ml P; Bicuculline,Vehicle + 1 μM bicuculline; P + bicuculline, Vehicle + 20 ng/ml P + 1 μM bicuculline. *Significant difference compared with Vehicle (P < 0.05).
Fig. 3.
Effects of γ-aminobutyric acid (GABA) on progesterone (P)-enhanced hyperactivation. The percentages of motile spermatozoa (A) and hyperactivated spermatozoa (B) are shown when spermatozoa were exposed to 20 ng/ml P after exposure to 5 μM GABA for 5 min. Data are expressed as means ± SD. Vehicle, mTALP + 0.1% (v/v) ethanol; P, Vehicle + 20 ng/ml P; P + GABA, Vehicle + 20 ng/ml P + 5 μM GABA. *Significant difference compared with Vehicle (P < 0.05).
Suppression of P-enhanced hyperactivation by GABA through the GABA A receptor
As shown in Fig. 7 , we examined whether GABA suppressed P-enhanced hyperactivation through the GABA A receptor. As shown in Fig. 2 , bicuculline did not affect the percentages of motile or hyperactivated spermatozoa with or without P. When hamster spermatozoa were exposed to 1 μM bicuculline before exposure to 5 μM GABA and 20 ng/ml P, bicuculline significantly inhibited the suppression of P-enhanced hyperactivation by GABA (Fig. 7B ) but did not affect the percentage of motile spermatozoa (Fig. 7A) .
Effects of GABA on binding of P on spermatozoa
Previous studies have shown that P binds to the head of the sperm [16, 18] , so in the next step of our study, we examined the effects of GABA on the binding of P to the sperm head (Fig. 8) .
As shown in Fig. 8a, 8a ', 8b and 8b', FITC/BSA-P is clearly bound to the sperm head, although the weak fluorescence of the middle piece of the sperm flagellum appears to be autofluorescence (Fig. 8g, 8g' ). When spermatozoa were exposed to FITC/BSA-P after exposure to 23.4 μM RU486, which is an antagonist of the P receptor (PR), the binding of FITC/BSA-P to the sperm head was decreased (Fig. 8c, 8c', 8d, 8d') . Moreover, GABA also decreased the binding of FITC/BSA-P on the sperm head when spermatozoa were exposed to FITC/BSA-P after exposure to 5 μM GABA (Fig.  8e 8e', 8f, 8f' ).
Discussion
Recent studies in the hamster have shown that sperm hyperactivation is enhanced by P, and that P-enhanced hyperactivation is competitively suppressed by E [16, 18] . In the present study, we showed that GABA also competitively suppressed P-enhanced hyperactivation of hamster spermatozoa through the GABA A receptor, similarly to E (Figs. 3-7) . In humans and rats, on the other hand, it has been reported that GABA increases sperm hyperactivation through the GABA A receptor, similarly to P [19, 20] . The effect of P in human Vehicle + 20 ng/ml P + 5 fM GABA; 5e-14, Vehicle + 20 ng/ml P + 50 fM GABA; 5e-13, Vehicle + 20 ng/ml P + 500 fM GABA; P + 5 pM or 5e-12, Vehicle + 20 ng/ml P + 5 pM GABA; 5e-11, Vehicle + 20 ng/ml P + 50 pM GABA; 5e-10, Vehicle + 20 ng/ml P + 500 pM GABA; P + 5 nM or 5e-9, Vehicle + 20 ng/ml P + 5 nM GABA; 5e-8, Vehicle + 20 ng/ml P + 50 nM GABA; 5e-7, Vehicle + 20 ng/ml P + 500 nM GABA; P + 5 μM or 5e-6, Vehicle + 20 ng/ml P + 5 μM GABA; 5e-5, Vehicle + 20 ng/ml P + 50 μM GABA. a Significant difference compared with P (P < 0.05). b Significant difference compared with Vehicle (P < 0.05).
and rat spermatozoa is also mediated through the GABA A receptor [19, 20] , whereas the effect of P in hamster spermatozoa is not related to the GABA A receptor (Fig. 2) . Because the effect of P in hamster spermatozoa is mediated through the PR [16] , we consider that our result is reasonable. In previous studies describing human and rat spermatozoa [19, 20] , it was proposed that GABA and P increased sperm hyperactivation through activation of the Cl -channel and membrane hyperpolarization by Cl -influx, but neither study showed clear evidence, and there has been no debate about a signal pathway stimulated by both GABA and P. Moreover, the concentration of bicuculline used in those experiments [19, 20] was higher than the IC50 value (1.2 μM) [26] . At least, motility parameters and capacitation of rat spermatozoa were significantly suppressed by 10 μM bicuculline alone [19] . Because bicuculline alone also blocks Ca-activated potassium channels in addition to being a GABA A receptor antagonist and the IC50 value is 1-2 μM [27] , we considered that the effects of 10 μM bicuculline alone on rat spermatozoa were not so much the effects of a GABA A receptor antagonist as other effects such as inhibition of Ca-activated potassium channels or toxic effects. Because 1 μM bicuculline did not have any effects on sperm hyperactivation and P-enhanced hyperactivation (Fig. 2) , we used 1 μM bicuculline in the present study. We were subsequently able to observe effects of bicuculline as a GABA A receptor antagonist (Figs. 2 and 7) . From results obtained in the present study and our previous study [16] , it was suggested that GABA and P regulate sperm hyperactivation through the GABA A receptor and PR, respectively. Generally, P regulates hyperactivation through two Ca 2+ signals via the PR [6, 12] ; one is the extracellular Ca 2+ influx [16] associated with the CatSper, which is a voltage-dependent Ca 2+ channel located in the principal piece of the flagellum [28, 29] , and the other signal releases intracellular Ca 2+ from an inositol 1,4,5-tris-phosphate receptor-gated Ca 2+ store located at the base of the flagellum [12, 16, 30] . Furthermore, it has been shown that Ca 2+ oscillation induced by P occurs on the flagellar side of the sperm head and extends to the sperm head and flagellum [31] . After Ca 2+ oscillation, hyperactivation is also regulated through activation of protein kinase C, protein kinase Vehicle, mTALP + 0.1% (v/v) ethanol; P, Vehicle + 20 ng/ml P; P + 5 fM or 5e-15, Vehicle + 20 ng/ml P + 5 fM GABA; 5e-14, Vehicle + 20 ng/ml P + 50 fM GABA; 5e-13, Vehicle + 20 ng/ml P + 500 fM GABA; P + 5 pM or 5e-12, Vehicle + 20 ng/ml P + 5 pM GABA; 5e-11, Vehicle + 20 ng/ml P + 50 pM GABA; 5e-10, Vehicle + 20 ng/ml P + 500 pM GABA; P + 5 nM or 5e-9, Vehicle + 20 ng/ml P + 5 nM GABA; 5e-8, Vehicle + 20 ng/ml P + 50 nM GABA; 5e-7, Vehicle + 20 ng/ml P + 500 nM GABA; P + 5 μM or 5e-6, Vehicle + 20 ng/ml P + 5 μM GABA; 5e-5, Vehicle + 20 ng/ml P + 50 μM GABA. a Significant difference compared with P (P < 0.05). b Significant difference compared with Vehicle (P < 0.05).
A and calmodulin-dependent protein kinase [30, 32] . Activation of these kinases induces protein phosphorylations, especially tyrosine phosphorylations [5, 6, 8, 9] . At the very least, P enhances hamster sperm hyperactivation through both Ca 2+ signals and protein phosphorylations [5, 6, 8, 9, 12, 16, 30] . Moreover, it has been suggested that GABA induces the AR and capacitation in human, ram, rat, guinea pig and bull spermatozoa [19, 21, 23, [33] [34] [35] [36] . Although in these species it is suggested that the effects of GABA on the AR and capacitation are the same as those of P, the regulatory mechanisms vary. In bull [36] , ram [21] and rat spermatozoa [19, 33] , GABA increases the AR and capacitation through a GABA A receptor, whereas another study reported that in rat spermatozoa, GABA stimulates the AR through the GABA A receptor but inhibits it through the GABA B receptor [23] . In human spermatozoa, it has been suggested that both the GABA A and GABA B receptors block stimulation of the AR by follicular fluid [34] . In guinea pig spermatozoa, GABA regulates the AR through activation of phospholipase A 2 , protein kinase C and the mitogen-activated protein kinase cascade [35] . Therefore, it is not possible to propose a universal GABA signal pathway regulating sperm function. In the present study using hamster spermatozoa, GABA suppressed P-enhanced hyperactivation through the GABA A receptor/ Cl -channel (Fig. 7) . As for the regulatory mechanism of suppression of P-enhanced hyperactivation by GABA, we can assume two types. One is suppression of P-enhanced hyperactivation by GABA through inactivation of the CatSper via hyperpolarization by the GABA A receptor/Cl -channel, because it has been suggested that P regulates hyperactivation through Ca 2+ influx associated with the CatSper and intracellular Ca 2+ release associated with phospholipase C [6, 16, [28] [29] [30] . The other type of regulatory mechanism of the suppression of P-enhanced hyperactivation by GABA is inhibition of the binding of P to the PR in the sperm head. Although we could not examine the first assumption, we examined the second and observed that GABA suppressed the binding of P to the sperm head, similarly to RU486 (Fig. 8) . Therefore, it is likely that suppression of P-enhanced hyperactivation by GABA occurs through a decrease in the binding of P to the PR in the sperm head. But the mechanism regulating the suppression of the binding of P to sperm head is still unclear.
In the rat, GABA is found in the oviduct at over 2.5-fold the amount present in the brain [37] . Moreover, the concentration of GABA changes in the female genital tract of the rat with the estrous cycle [38] . The concentrations of P and E also change with the estrous cycle. From the results of both the present study (Figs.  3-6 ) and previous studies [16, 18] , we propose that P increases and enhances hyperactivation and that E and GABA suppress the effects of P on hyperactivation in the hamster at least. Moreover, it seems that regulation of hyperactivation by P, E and GABA is associated with the estrous cycle. and hyperactivated spermatozoa (B) are shown when 1 μM bicuculline, 5 μM γ-aminobutyric acid (GABA) and 20 ng/ml P were added to the mTALP medium. Spermatozoa were exposed to 5 μM GABA after exposure to 1 μM bicuculline for 5 min. After incubation for 5 min, spermatozoa were exposed to 20 ng/ml P. Data are expressed as means ± SD. Vehicle, mTALP + 0.1% (v/v) ethanol; P, Vehicle + 20 ng/ml P; P + GABA, Vehicle + 20 ng/ ml P + 5 μM GABA; P + GABA + bicuculline, Vehicle + 20 ng/ ml P + 5 μM GABA + 1 μM bicuculline. *Significant difference compared with Vehicle (P < 0.05). Fig. 6 . Dose-dependent effects of γ-aminobutyric acid (GABA) on progesterone (P)-enhanced hyperactivation when spermatozoa were exposed to P for 5 min before exposure to GABA. The percentage of hyperactivated spermatozoa is shown. Data are expressed as means ± SD. Vehicle, mTALP + 0.1% (v/v) ethanol; P, Vehicle + 20 ng/ml P; P + 5 fM, Vehicle + 20 ng/ml P + 5 fM GABA; P + 5 pM, Vehicle + 20 ng/ml P + 5 pM GABA; P + 5 nM, Vehicle + 20 ng/ml P + 5 nM GABA; P + 5 μM, Vehicle + 20 ng/ ml P + 5 μM GABA. *Significant difference compared with P (P < 0.05).
